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Introduction
The work illustrated hereafter was under-
taken in response to a request from the 
religious Communities entrusted with the 
Custody of the Church of the Holy Sepul-
chre for an assessment of the seismic risk 
to which this extraordinary architectural 
complex is exposed. The initiative also 
attests to the willingness of the Greek 
Orthodox, Franciscan and Armenian 
Communities to participate in a common 
project for a better understanding and 
preservation of the monument. 
It is with this dual aim – of structural 
analysis on one hand, and documenta-
tion for the study and safeguarding of the 
monument on the other – that this three-
dimensional survey of the whole complex 
was carried out. 
In particular, a morphometric description 
is an essential preliminary element for the 
correct interpretation of structural behav-
iour when analysing the seismic vulnerabil-
ity of monumental buildings.
The indispensable precondition for effec-
tive research is the reliability and com-
pleteness of the data pertaining to the 
monument and this is one of the reasons 
why the most innovative methodologies 
and tools were used to metrically docu-
ment the actual state of the architectural 
complex: GPS, total stations, three-di-
mensional scans and photogrammetry 
were combined to create an authentic 
“integrated metric survey”.
Even if we disregard the epitomised and 
almost symbolic depictions produced by 
pilgrims since the fourth-fifth centuries, 
this is by no means the first 3D and high 
resolution survey that has been performed 
on the whole complex. In this connec-
tion, suffice it to recall first of all that of 
Bernardino D’Amico [Amico, 1997], com-
plete with measurements and in its own 
way iconographically effective; the patient 
work of analysis and interpretation by Fa-
ther Corbo [Corbo, 1982]; the meticulous 
photogrammetric survey by Martin Biddle 
2.2.1. Previous survey and archaeological studies
for the Aedicula [Cooper, 1994; Biddle, 
2000; see chap. 1/5]; as well as the admi-
rable photogrammetric survey of the whole 
structure carried out in more recent years 
by a team of Greek colleagues [Balodimos 
& Al., 2003] described in the previous 
chapter.
As a result, our group took up a tricky chal-
lenge: what further contribution could be 
given with the aid of the new technologies 
now available? In the last decade, the laser 
scanner has proved to be a powerful three-
dimensional metric survey tool which has 
notably expanded the possibilities of un-
derstanding historic monuments.
The third dimension, which enables us 
to represent ideas and projects, test out 
our hypotheses and describe and com-
municate the state of buildings, that third 
dimension which has always inspired the 
models of the main structures in the Holy 
Land, is now, at last, a reliable piece of 
data available to the scholar. 
Therefore, by applying these digital and 
three-dimensional survey systems we have 
filed documentation that is as complete as 
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possible on the current state of the monu-
mental complex of the Holy Sepulchre. 
The laser scanner detects all the surfaces 
that are visible from the instrumental po-
sition: therefore, not just walls, columns, 
capitals, but also lamps, candelabra and 
even pilgrims. And for this very reason 
a large part of the work was performed 
during the night. This made the work a 
highly fascinating and emotionally in-
volving experience. 
The data is so dense that if one is to ob-
serve the model from further away, it 
appears to form a continual surface, but 
upon moving closer, the true structure ap-
pears from the acquired data and the sin-
gle points which constitute the 3D model 
become regognizable.  
Father Piccirillo has studied models of the 
Holy Sepulchre for a long time [Piccirillo, 
DIMENSIONS OF THE BLOCK about 140 m (from the Christian Road to Souq Khan 
el-Zeit) x 110 m (from St. Helena’s Road to the Via 
Dolorosa). 
DIMENSIONS OF THE MAIN BUILDING about 120 m x 70 m
MAX. DIFFERENCE IN HEIGHT IN THE CHURCH  about 51 m (from the bottom of the quarry under the 
Chapel of St. Helena to the top of the cross on the 
Anastasis dome)
SURVEYED AREA AT GROUND FLOOR about 4,500 m2
SURVEYED AREA AT ROOF LEVEL about 6,800 m2
TABLE 1  Summary of the Surveyed Area.
2007]; perhaps this is also why he has 
grasped the potential of this new method 
of producing documentation and under-
standing the ‘model’, which is still three-
dimensional but is now virtual (because 
it is numerical) and objective (as it is not 
the result of an interpretation). Each of the 
millions of points making up the model has 
its spatial coordinates within a single refer-
ence system. Therefore, we can look to this 
immensely rich geometric database to find 
distances, height differences, check align-
ments and investigate relations between 
spaces that are not directly connected. 
The function of the topographic measure-
ments, which were made inside and out-
side the monumental complex, is to create 
a common framework for the whole sur-
vey, the topographic control network in 
which to express all the measurements – 
all in all over 3 billion points – even if they 
were made in different survey campaigns, 
in different settings and even using differ-
ent instruments. 
The overall model is a database that we 
can consider the virtual memory of the 
monument, available for remote consulta-
tion in space and time.
It is important to underline that this 
study would not have been possible 
without the willingness, trust and coop-
eration of all the religious Communities 
FIGURE 3  Chapel of St. Helena. Point model. All 
the furnishings and lamps acquired can be seen.
FIGURE 2  View of the Chapel of St. Helena.
FIGURES 4 AND 5 The 3D scan of the Sepulchre 
chamber vault shows some holes in the data due 
to the hanging oil lamps.
FIGURES 6-9  When observed from a distance 
the point model seems to reconstruct the con-
tinuity of the surfaces under survey, whereas 
on closer observation one can see the discrete 
nature of the survey data.
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in the monumental complex of the Holy 
Sepulchre. The Status Quo and intense 
frequentation of the church by large 
groups of pilgrims make many places 
difficult to access. We were permitted ac-
cess to all the spaces and to stay in the 
church during closing hours. The time 
spent inside the church in the company 
of the religious persons who live in these 
places day in day out was of great help 
to us in understanding the surveyed 
structures. The rich layers of history, the 
complex layout of the spaces and the 
fragmentation deriving from the Status 
Quo make it difficult to understand the 
architectural complex. Each time the help 
of the single persons belonging to the dif-
ferent Communities was a precious guide 
in carrying out the work. 
Hegumen Daniele himself claimed that 
he had received a great deal of help from 
those who knew the places as they had 
always lived there: «so this cave was the 
Lord’s tomb as I described it after studying 
it closely alongside those who have been 
here for some time and know the holy plac-
es» [see Itinéraires russes en Orient, trad. 
D. De Kitrowo, in “Société de l’Orient 
latin”, Sér. Géogr., t, V, Génève 1889].
2.2.1.1. The ‘integrated metric 
survey’ for structural analyses
The main objective of the integrated met-
ric survey performed at the monumental 
complex of the Holy Sepulchre was to ex-
tract metric and qualitative information 
in order to define the models used in the 
structural studies. 
The survey produces a three-dimensional 
points model which describes the consist-
ency of the object under investigation in 
the most detailed manner possible. As is 
the case for all surveys, it is not just the 
recording of a transitory phase in the his-
tory of the structures under investigation 
(the contemporary period), but it also 
documents the current method of analy-
sis, the techniques adopted and it itself 
becomes a moment in the history of the 
representation of the Holy Sepulchre. 
Today the information can be shared, also 
in real time, thanks to the digital nature of 
the data and the diffusion of the Internet. 
As a result, there are many different ways 
of communication and scientific exchange, 
suitably enabling the interdisciplinary ap-
proach required by a meticulous and com-
plex study such as that on the monumental 
complex of the Holy Sepulchre. 
First, the seismic vulnerability analysis 
required a geometric description of the 
whole architectural complex; thanks to 
the measurement techniques adopted 
we were able to produce a three-dimen-
sional model from which to extract, also 
at a later date, sections and the relative 
orthogonal images in numbers and from 
directions which do not necessarily have 
to be defined beforehand. 
Starting from the same 3D database, both 
architectural drawings and detailed mod-
els for structural analysis were extracted. 
The most innovative element is that 
these study phases were carried out at 
the same time: once the data had been 
acquired in situ, we had a flexible in-
vestigation tool since, starting from the 
entire model, it is possible to quickly 
and flexibly extract the necessary sec-
tions without the restrictions imposed 
by a traditional approach. Indeed, as is 
known, typical documentation consist-
ing of plans and vertical sections can 
guarantee the accuracy required for sub-
sequent studies, but it is unlikely to en-
sure a truly exhaustive description; these 
depictions are always limited to planes, 
which are singled out in terms of lies and 
significant trends, having been defined 
beforehand in the measurement phase. 
FIGURES 10-13  Chapel of St. Helena. Definition 
of the section planes on the point model.
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The diffusion of digital technologies has 
produced a significant change in the man-
ners of recording spatial data which, by 
heading increasingly in the direction of 
growing automation, has fed the illusion 
that we can now create a model with no 
limits to its capacity. Among the innova-
tions that have recently contributed to 
this change of scenario, above all we need 
to point out the spreading appearance of 
scanning systems alongside more consoli-
dated methods such as topography and 
photogrammetry. 
Thanks to these instruments and the level 
of automatism that they have achieved, it 
is quick and easy to define the position of 
a large number of points. The understand-
able emphasis set upon such a promising 
instrument must not, however, lead to ba-
nal syllogisms just because it is so simple 
to acquire spatial data. This ‘new’ process 
of understanding architecture must be 
based on a rigorous metric approach in 
which the concept of accuracy is still fun-
damental. This, along with the scale and 
detail of the graphical products that one 
intends to obtain, must still be commen-
surate with the aims of the survey in the 
inevitable planning phase.
Metric survey is still a fundamental step 
for documentation: consisting of a ration-
al discretization of the spatial continuum, 
it remains a formidable instrument for de-
scribing architecture. Indeed, some refer-
2.2.2. Survey instruments and methods
ences need to be made to the traditional 
concepts of surveys and of measurements 
more in general: the first to regain the 
critical intelligence that is indispensable 
in order to transform a banal ‘sampling’ of 
the object into a model capable of giving 
a valid summary of it, and the second to 
respond to the new analysis and data pro-
cessing requirements. Since in general no 
single survey technique can be considered 
self-sufficient, as a consequence what is 
needed is a correct integrated use of all 
the metric survey techniques. 
By integrating different measurement 
methods and techniques we were able 
to produce the information needed for 
the structural study. The database is the 
starting point from which to extract all 
the information useful for document-
ing the monumental complex of the Holy 
Sepulchre: raster (rectified images and 
orthophotos) and vector drawings (two-
dimensional representations and three-
dimensional models).
In particular, the survey was tackled by 
integrating topographic, photogrammetric 
and laser scanning systems. Thus geometric 
and photographic information can compen-
sate each other: the first is obtained from 
the detailed topographic survey and 3D 
scans, with geometric modelling of the in-
vestigated spaces, the second obtained by 
orthographically projecting high-resolution 
images onto the previously defined model. 
2.2.2.1. Work plan
The speed of acquisition of the instru-
ments employed reduced the work period 
in situ to a few weeks, organized into three 
successive campaigns between 2007 and 
the end of 2008: the first campaign took 
place from 16 April to 30 April 2007, the 
second from 24 January to 8 February 
2008, and the third from 19 November to 
12 December 2008. 
It was chosen to begin the space analy-
sis in the Anastasis, to then progres-
sively proceed towards the outside of 
the structure, finally documenting the 
relationship of the building with the 
bedrock on which it is founded and 
which emerges in several places. The 
deeper knowledge of the bedrock mor-
phology has fostered the advancement 
in the historical studies on the original 
conformation of the Holy Sepulchre as 
presented by S. Fiamminghi in chapter 
1|3 of the present volume.
To complete the metric acquisition phase, 
photogrammetric images were taken as 
well as thorough photographic docu-
mentation. At the end of the work, the 
graphical output produced was checked 
on the field, between 10 March and 16 
March 2009.
2.2.2.2. Instruments 
Two different scanning systems were 
used in the three survey campaigns 
(HDS 3000 and HDS 6000, Leica Geo-
systems), as well as two total stations, a 
pair of GPS antennae and receivers, cali-
brated and uncalibrated cameras, porta-
ble computers and relative accessories. 
The different technical characteristics 
of the scanners used are summed up in 
the table at left.
HDS3000 - (2007 CAMPAIGN) HDS6000 - (2008 CAMPAIGNS)
Instrument Weight : 17 kg Instrument Weight : 14 kg
Power Supply Unit Weight: 12 kg Power Supply: integrated batteries
Controlled by: PC with specific sw and minimum 
required components
Controlled by: NetPC, by browser
Scan Rate: about 1000 pts/sec Scan Rate: about 500,000 pts/sec
Position accuracy: 6mm @ 1m-50m Position accuracy: 6mm @ 1m-25m; 10mm @ 50mTABLE 2  Technical specifications of the laser 
scanners.
FIGURES 14 AND 15  3D scanners used for the 
metric survey of the monumental complex of 
the Holy Sepulchre: HDS3000 3D scanner and 
HDS6000 3D scanner (Leica geosystems).
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2.2.2.3. How 3D scanning 
systems work
The scanning systems work by actively 
using a laser beam to measure distances 
both with the pulse method (measuring 
the wave’s time of flight) and the phase 
method (measuring the phase shift be-
tween the emitted and the reflected 
waves). A rotating mirror deviates the la-
ser beam in space: by knowing the spatial 
orientation of the laser beam direction as 
well as the distance measured along that 
direction, it is possible to calculate the 
spatial coordinates of the point. 
In terrestrial applications, on one hand 
laser scanning systems greatly simplify 
the instruments needed, but on the oth-
er they require more care in processing 
the obtained data. A 3D scanner can be 
defined as a tool able to automatically 
record the three-dimensional coordi-
nates of points regularly distributed on 
a portion of an object’s surface, at high 
density [Böhler, 2004]. Range scanners 
work in a similar way to a total station: 
both calculate the position of a point in 
space using its polar coordinates (an an-
gle on the horizontal plane, an angle on 
the vertical plane and a slope distance), 
which are subsequently transformed 
into Cartesian coordinates. The substan-
tial difference is that in the case of a 
total station, the point measured is col-
limated, and therefore ‘chosen’ before-
hand by the operator, while the scanner 
samples the space in a dense but non-
critical manner.
With laser scanning systems, it is possible 
to quickly and automatically gather large 
quantities of data which until recently 
were unimaginable. As a result, the ac-
quisition times can be limited while pro-
ducing a complete and detailed descrip-
tion of the object under investigation. 
The instruments used on average acquire 
till 500,000 points per second; the time 
needed for a scan depends on the scan 
resolution and varies from 3 to 10 min-
utes. A single scan therefore produces 
from 11 million to 30 million points. The 
adopted settings enable a description of 
the surveyed surfaces with around one 
point per square centimetre.
On the other hand, the data obtained re-
quires greater care during processing and 
great calculating capacity. The time need-
ed for the subsequent processing varies 
greatly depending on the results that one 
wishes to produce and it is closely related 
to processing power. In a few years, the 
computing power of PCs has grown enor-
mously, so that today a project like this 
could be managed differently. In our more 
recent experiences in fact, it was possible 
to process more massive £D models with-
out any sub-projects arrangement, as it 
was indispensible for the Holy Sepulchre, 
described as follows.
In addition to their precision, lasers scan-
ner also stand out for their range, namely 
the maximum distance they can measure, 
which to a large extent depends on the 
strength of the signal emitted and the na-
ture of the surveyed surface. 
2.2.2.4. Acquisition 
The geometry of the recordings and the 
scanner resolution was planned each time 
depending on the shape and dimension of 
the spaces under investigation. When es-
timating the acquisition times, it is impor-
tant to remember not to consider only the 
scanning time, but also the time is needed 
to actually move around and set up the 
sensor. In architectural applications, at 
times the greatest restriction is not only the 
far range limit, but also the closest one as 
in the case of the Aedicula (Figures 17-18). 
In range scanners, the acquisition geom-
etry can generally be traced back to a cen-
tral projection, therefore, the aspects to 
consider for acquiring a satisfactory range 
map are similar to those for taking a good 
photograph. As in every photographic 
campaign that intends to give thorough 
documentation of complex spaces, it is 
generally necessary to make several acqui-
sitions, from different viewpoints. First of 
all, this means that data not visible from 
one scan position have to be recorded 
from another scan position. Furthermore, 
it is necessary to consider that optimal 
measurements require orthogonality: 
scans taken from non orthogonal position 
enable the acquisition of much wider sur-
faces, but the data obtained is of a lower 
quality (due to less energy of the signal 
reflected from grazed surfaces, a bigger 
spot size for more distant areas, and non-
uniform resolution of the range map). 
   
  EMITTER
   
  MIRROR
   
  OBJECT
FIGURES 17 AND 18  Scanning inside the Aedi-
cula of the Holy Sepulchre: the scanner set up is 
not easy due to the small space.
FIGURE 16  Figure showing the operating princi-
ple of a range scanner.
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Despite the rapid introduction of automa-
tisms during the measurement phase, the 
necessity is therefore confirmed to draw 
up a preparatory sketch showing the 
schematic configuration of the area un-
der analysis, the various locations of the 
scanners, the extension of the single ac-
quisitions on the object, the position, the 
type and the name of the targets.
As far as the actual scanning phase is 
concerned, furthermore, it is important 
(and useful in the subsequent recording 
phase) to note down information such as 
the name of each scan, its resolution and 
duration, as well as the number and name 
of the targets recorded (metadata). 
Owing to necessities intrinsic to the subse-
quent data processing phase, there must 
always be a sufficient degree of overlap 
between close range maps; the overlap-
ping areas can varies, depending on the 
morphology of the common area. Obvious-
ly, for a complete documentation, depend-
ing on the size of the object under exami-
nation, acquisitions must not just be made 
from the ground level only, but possibly 
at different heights, compatibly with the 
great difficulty in handling the scanning 
systems and the stability needed in order 
to correctly make the measurements. It 
is evident that, lastly, when planning the 
scan positions, the characteristics of the 
scanner need to be taken into consid-
eration (for example, the optimal distance 
from the surface for recording) as well as 
the ability to move around in the space 
surrounding the object of the survey.
In sum, when planning the 3D survey of 
the monumental complex of the Holy Sep-
ulchre, we accounted for:
– minimizing the number of range maps in 
order to reduce costs and times;
– trying to completely acquire the whole 
surface of the object in order to produce 
a final digital model with no unsampled 
areas (so-called ‘holes’);
– a sufficient degree of overlap between 
range maps owing to necessities intrinsic 
FIGURE 19  The points surveyed with each scan 
are equidistant from a spherical surface concen-
tric to the instrument. The image illustrates the 
points’ distribution on the surface of an object 
and highlights the presence of holes (that is, lack 
of data) owing to jutting elements which cause 
areas of ‘shadow’ with respect to the instrument 
centre.
FIGURE 20  The recording project is made in the 
field, each time assessing the conformation of 
the spaces to investigate, and is noted down in 
the survey diary.
to the subsequent processing phases;
– acquiring data from as orthogonal a di-
rection to the surface as possible, in or-
der to guarantee maximum accuracy in 
the measurement process.
2.2.2.5. Scan alignment and 
referencing
 
Every range map is initially referred to the 
system intrinsic to the scanner. Therefore, 
it is necessary to subsequently define the 
parameters of the geometric transforma-
tions needed to place the coordinates of 
the various scans in a single system. The 
final reference system can correspond to 
the intrinsic system of one scan, or be de-
fined independently from the acquisitions.
In the case of the monumental complex 
of the Holy Sepulchre, the laser scanner 
survey is referenced in a pre-set topo-
graphic system.
2.2.2.5.1. Scan alignment with homo-
logues points
A good overlap is needed between adja-
cent range maps, so that pairs of homo-
logues points can be identified in the 
common area. Object features, such as 
corners or projecting parts, can be used 
as well as significant variations in reflec-
tance on geometrically uniform surfaces, 
or targets positioned on the scene. 
In the first case, the precision with which 
the points can be collimated obviously de-
pends on the precision of the scanner used 
as well as the scan resolution. A laser scan-
ner will practically never acquire a point in 
exact correspondence with a corner, and 
the same corner observed from two differ-
ent points of view will be best represent-
ed by a pair of definitely distinct points. 
Therefore, we used manual recognition of 
corresponding natural points only to define 
an approximate alignment.
Almost all the scans were aligned thanks 
to special targets, automatically recog-
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nized by the software. Thus, we were able 
to make great use of automatisms, both in 
the signal recognition phase and in pairing 
the scans, therefore considerably reduc-
ing the processing times. 
2.2.2.5.2. Considerations on the acqui-
sition geometry
In the acquisition phase, it is important to 
ensure an overlapping area between adja-
cent scans that can not only provide ad-
ditional documentation of the undercuts, 
but also geometric information useful for 
linking the scans themselves. 
In order to manage the range maps we 
used Cyclone software (Leica Geosys-
tems). With this system several types of 
constraint can be taken into consideration 
at the same time:
– points of known coordinates, consisting 
of high-resolution acquired targets which 
at the same time can be measured with 
topographic methods,
– common surface between range maps.
The first type of constraint was used both 
to align the scans and to place them in the 
topographic reference system.
The second type of constraint, based on 
the common surface between a pair of 
range maps, proved to be particularly ef-
fective in linking scans of very complex 
zones. Indeed, the results of the data 
elaboration are heavily conditioned by 
the morphology of the area of overlap: in 
the alignment process almost flat surfaces 
require greater overlap and to consider a 
large percentage of points, while a smaller 
common area is sufficient if the surface 
features more complex geometries. In this 
case the recording is based on the shape 
of the object: if it has a lot of asymmetrical 
irregularities, the range maps tend to ‘slot 
in together’ correctly; if, instead, there 
are few three-dimensional features, the 
alignment algorithm is not able to come 
up with a single solution. Obviously the 
possibility of limiting the overlap between 
adjacent scans clashes with the need to 
document the undercut areas too.
After the definition of the constraints (cor-
responding points, points of known coor-
dinates, bonds between common surfaces, 
but also correspondence between plane or 
three-dimensional shapes), pair by pair of 
range maps, the Cyclone software makes 
an overall optimization of the aligned data.
The survey was performed using integrat-
ed techniques (topography, photogram-
metry and laser scanners) over three data 
acquisition campaigns, as summed up in 
the table at right.
2.2.3.1. Data acquired during
the survey campaigns 
2.2.3.1.1. Campaign 1: 16 April - 30 April 
2007
The survey campaign with Leica HDS3000 
time-of-flight scanner lasted a total of 
62 hours on the field. Two teams of two 
people each worked alternately day and 
FIGURES 21 AND 22 Range maps highlighting the 
targets used for alignment and the scan refer-
ence system.
2.2.3. Survey campaigns 1ST CAMPAIGN 2ND CAMPAIGN 3RD CAMPAIGN
TIMES April 2007 January/February 2008 November/December 2008
INSTRUMENTS 1 time-of-flight scanner 
1 total station
1 semi-metric camera
1 calibrated digital camera
1 phase-shift scanner 
2 total stations
1 calibrated digital camera
1 phase-shift scanner 
1 total station
1 digital camera
TEAM 4 people, in 2 work teams 4 people, in 2 work teams 5 people, in 2 work teams
SCANNING DAYS 10 days 10 days 14 days
RANGE MAPS ACQUIRED 37 range maps 93 range maps 120 range maps inside the church
39 range maps on the roofs
POINTS About 235 million About 1 billion About 2.5 billion
FILE SIZES (.IMP DATABASES) 5 GB 22 GB 31 GB data inside the church
21 GB data on the roofs
TOPOGRAPHIC VERTICES 6 vertices 34 vertices 40 vertices
TARGETS USED TO REFERENCE 
THE SCANS
83 targets 58 targets 154 targets inside the church
57 targets on the roofs
TABLE 3  SURVEY CAMPAIGNS
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night, to maximize the productivity of 
the scanner, whose rate was quite slow: 
3 hours for each scan, and this also made 
it difficult to charge the pair of available 
batteries alternately. The scan alignment 
was organized in sub-projects, contain-
ing the data relating to the Anastasis, the 
square, and the entrance area, for a total 
of 37 scans. The overall points model con-
sists of around 235 million points (around 
5 GB) and it was aligned in the reference 
system defined by a first topographic trav-
erse measured in the same campaign.
2.2.3.1.2. Campaign 2: 24 January-8 
February 2008
In the second campaign a phase-shift scan-
ner was used (Leica HDS 6000). The higher 
operating speed compared to the 3D scan-
ner used in the previous campaign meant 
that a much higher number of scans were 
made. Two teams of two operators took 
part in the survey, one of which allocated 
to making topographic measurements and 
the other to laser scanning. Therefore, even 
though the scanner work time was halved, 
the number of scans made was almost dou-
bled. Again in this case, the scan alignment 
was organized according to sub-projects, 
each one containing the data relating to 
significant portions of the surveyed spac-
es: the entrance, chapels on Calvary, Ka-
tholicon, apse and ambulatory, the “Arches 
of the Virgin” area (ground and first floor), 
Armenian chapel on the first floor, Chap-
el of St. Helena and the courtyard of the 
Franciscan convent, for a total of 93 scans.
2.2.3.1.3. Campaign 3: 19 November-12 
December 2008
In the third campaign, the same Leica HDS 
6000 scanner was used. Two teams of two 
operators took part in the survey, one of 
which allocated to acquisition with the la-
ser scanner and the other to pre-process-
ing the acquired data. The great increase 
in the number of scans was also due to 
the availability of the control network 
measured in the previous campaign, the 
greater accessibility to the roof level and 
to the fact that the internal areas surveyed 
were not accessible to the pilgrims. The 
scan alignment was organized according 
to sub-projects, each one containing the 
data relating to the different surveyed ar-
eas. With regard to the internal spaces: Ar-
menian sacristy, Chapel of the Apparition, 
Chapel of the Crusaders, part of the Copt 
convent, Chapel of the Franks, part of the 
Greek convent, remains of the quarry near 
to St. Helena and Chapel of St. Vartan, 
the Christian Road, the Ethiopian chapels, 
Joseph of Arimethea’s burial place, rooms 
formed in the Anastasis ambulatory, ex-
terior of the Rotunda, Franciscan sacristy 
and Greek sacristy, for a total of 120 scans.
A further 39 scans were made on all the 
roof structures. 
2.2.3.1.4. Quantifying the acquired 
data
The scans were made according to a field 
of view of 360° horizontally and 155° 
vertically (therefore only excluding the 
cone-shaped shadow cast by the tripod). 
In order to acquire the internal spaces, we 
generally operated at distances of 10-25 m 
from the surfaces in question; as a result, 
we set a ‘medium’ resolution, correspond-
ing to points acquired at angular intervals 
of 1.26 mrad – that is, 1 point/12 mm at 
a distance of 10 m and 1 point/3 cm at a 
distance of 25 m.
By way of example, below is a considera-
tion of the technical characteristics of the 
HDS6000 laser scanner used in the last 
two measurement campaigns.
As highlighted in the previous outline, a 
‘medium’ resolution corresponds to an 
acquisition consisting of 5,000 x 2,150 
points, namely 10.75 million points.
The indoor scans from the last mission, al-
most always made with a medium resolu-
tion, make up an overall database of over 
1 billion points, and the external scans of 
over 1.5 billion points.
FIGURE 25  Diagram of the spherical reference 
system, projected onto a plane, in which the data 
was initially acquired, and quantification of the 
points survey with a medium resolution scan.
FIGURES 23 AND 24  Example of scan acquired 
with a 360°x155° field; it is visualized in a cylin-
drical projection; the angular reference system is 
the one illustrated in the figure below; the intrin-
sic Cartesian reference system originates in the 
instrument centre, vertical Z axis and random 
X and Y orientation, defined by the instrument 
position.
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2.2.3.2. Topographic control 
network and reference system
The aim of the topographic control net-
work is to materialize and define, through 
a limited series of evenly distributed 
points, the three-dimensional reference 
system to which the subsequent survey 
operations will be referred.
During the first survey phase, the refer-
ence system was defined by measuring a 
control network extended over the whole 
architectural complex, materialized in a 
stable manner. The reference system has 
a false origin corresponding to the V30 
vertex (1000m, 1000m, 500m) and north-
directed Y-axis.
As a result, it was possible to gather all 
the data collected (indoor and outdoor, 
even in not directly connected areas) 
within a single model and to make met-
rically correct evaluation of the spatial 
relationships. Consider, for example, the 
difference in height between the Christian 
Road, which traces the western boundary 
of the structure, and the cistern close to 
the Crusaders Chapel. 
The coordinates of the control network 
vertices were calculated and adjusted us-
ing least squares method.
2.2.3.3. Topographic traverses
In order to extend the reference system 
to all the areas to be surveyed, the main 
control network was integrated by linked 
traverses; station markers were fixed se-
curely and station wetness diagrams were 
sketched in order to record survey’s meta-
data, to simplify the retrieval process and 
to enable the data to be updated subse-
quently. 
A link traverse, bound to the vertices of 
the main network, was measured on the 
roof of St. Helena, along the adjacent road 
and inside the Copt convent.
Another one crossed the chapels of the 
FIGURE 26  Graphical elaboration showing some 
not directly understandable spatial relationship 
between not directly connected spaces, as the 
cistern close to the Crusaders Chapel (down) 
and Christian Road (up).
FIGURE 27  Topographic control network dia-
gram (in red) and target (in blue).
Shop
Christian Road
Cistern
Crusaders Chapel
Ethiopian Copts, connecting at one end to 
the station markers present in the square 
and at the other end to those on the roof 
of St. Helena’s.
Inside the monumental complex, a trav-
erse was set between the known verti-
ces on the lower level in the corridor in 
front of the rock of Golgotha, and on the 
higher level in the Greek chapel; the new 
vertices were fixed along the staircase 
and in the rooms immediately behind 
Golgotha. 
In the lower floor of the Franciscan 
convent a link traverse was measured 
between the fixed vertices on the lower 
level of the Rotunda; the new vertices 
were fixed in the Franciscan sacristy, 
along the corridor of the convent and in 
the courtyard. 
In order to reach all the spaces surveyed 
by laser scanner and thus to measure the 
targets for scan data alignment, it was 
necessary to plan also some open trav-
erses; in order to limit the errors, spurs 
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with no more than one or two short trav-
erse legs were shot from previously fixed 
vertices.
3.3.1. Reference system update
The data acquired during the first cam-
paign (2007) was initially placed in a 
local reference system defined by a 
topographic control network made in the 
two levels of the Anastasis; in the subse-
quent campaign (2008), the topographic 
net was extended inside the monumen-
tal complex, also touching on the roof 
structures. The previous vertices were 
therefore measured again and their coor-
dinates rototranslated into the new and 
definitive reference system. As a result, it 
was possible to realign the points model 
of the previous campaign in the new ref-
erence system.
2.2.4. Survey data management
FIGURE 30 (right) The recording format for the 
data acquired with the scanner is ZFS; once im-
ported into Cyclone, the data is stored in an IMP 
database. Both of these formats are proprietary 
and undocumented and therefore they only en-
able data to be used with specific software, limit-
ing interoperability.
FIGURES 28 AND 29 (above) Examples of link 
traverse in the chapels officiated by Copts 
priests; the traverse is linked to topographic ver-
tex in the square in front of the mail entrance 
(right side in the image) and on the roofs (left 
side in the image).
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2.2.4.1. Data storage and digital 
preservation 
During the acquisition phase, the instru-
ment settings (scan resolution, acquisition 
area, file names, etc.) were controlled by a 
PC through a web browser. The data was 
recorded in the internal hard disk of the 
scanner, from which it was downloaded 
and imported into the data management 
software (Cyclone, Leica Geosystems). 
Memorizing and filing the data acquired 
through scanning is part of the wider is-
sue of the preservation and accessibility 
of digitalized information.
The “Charter on the Preservation of the 
Digital Heritage” (text adopted by the UN-
ESCO General Conference in 2003) speci-
fies that «Continuity of the digital herit-
age is fundamental. To preserve digital 
heritage, measures will need to be taken 
throughout the digital information life 
cycle, from creation to access. Long-term 
preservation of digital heritage begins 
with the design of reliable systems and 
procedures which will produce authentic 
and stable digital objects» [UNESCO, 
2003].
The specific problems with the data from 
the scans result from its immense amount: 
for example, if we are to exclusively con-
sider geometric information, the last 
two campaigns acquired around 20 GB – 
January/February 2008 campaign – and 
around 50 GB – November/December 
2008 campaign (since an instrument with 
different characteristics was used during 
the first campaign, significant compari-
sons cannot be made).
With regard to filing the data, we chose to 
make a controlled copy of the information 
on hard disks. 
In order to guarantee the possibility to 
access the data in independently from 
the currently available software, it was 
exported in PTS format, an ASCII format 
which, after a heading containing the 
number of lines (points) in the file, memo-
rizes a list of coordinates and the corre-
sponding intensity value.
Lately, a new open standard (.E57) has 
been proposed for storing data produced 
by tridimensional imaging systems, such 
as laser scanners. Improving our surveys 
archive to guarantee interoperability and 
the possibility to reuse the data collected 
in past projects, is a current challenge for 
our laboratory and a cutting edge topic 
for researchers who are working with this 
kind of data.
2.2.4.2. Data management
The great quantity of data acquired over 
the three campaigns (in all over 3 billion 
points) means that it was not possible 
to visualize and above all to manage the 
whole model at the same time, even work-
ing with the best PC available at that time. 
Therefore, it was necessary to structure 
the database according to smaller sub-
projects. This division, already set during 
the acquisition phase, was made consid-
ering the spatial layout of the surveyed 
structures in order to make it easier for 
subsequent analyses on architecturally 
coherent portions. 
The common reference system used by 
the different subprojects first enabled 
their partial reassembly into four macro 
projects and then the joint visualization 
of all the data acquired inside and outside 
the monumental complex. 
Just few years later, with updated hard-
ware, we are today able to visualize in real 
time all the data acquired.
The tables in the following pages show 
the position and extension of the various 
subprojects.
   List of the subprojects
  1. ROTUNDA
  2. SQUARE AND FACADE
  3. APSE
  4. CHAPEL OF ST. HELENA
  5. ENTRANCE AND GOLGOTHA
  6. ARMENIAN CHAPEL
  7. CATHOLICON
  8. ARCHES OF THE VIRGIN
  9. ARCHES OF THE VIRGIN – 1ST FLOOR
10. FRANCISCANS’ COURTYARD
11. ARMENIAN SACRISTY
12. CHAPEL OF THE APPEARANCE
13. CHAPEL OF THE CRUSADERS
14. “CHURCH” UNDER THE COPTIC PATRIARCHATE
15. CHAPEL OF THE FRANKS
16. GREEK CONVENT
17. CHRISTIAN ROAD
18. ST. HELENA’S QUARRY
19. ETHIOPIAN CHURCH INTERIORS
20. JOSEPH OF ARIMATHEA
21. GOLGOTHA BACKSIDE
22. ROTUNDA EXTERIOR
23. ROTUNDA ROOMS
24. FRANCISCAN SACRISTY
25. GREEK SACRISTY
26. EGYPTIAN ROOFS
27. ETHIOPIAN ROOFS
28. FRANCISCAN ROOFS
29. GREEK ROOFS LOWER LEVEL
30. GREEK ROOFS UPPER LEVEL / 1
31. GREEK ROOFS UPPER LEVEL / 2
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2
Subproject: 
SQUARE AND FACADE
N. scans: 3
1
Subproject: 
ROTUNDA
N. scans: 34
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3
Subproject: 
APSE
N. scans: 10
4
Subproject: 
CHAPEL OF ST. HELENA
N. scans: 21
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6
Subproject: 
ARMENIAN CHAPEL
N. scans: 8
5
Subproject: 
ENTRANCE AND GOLGO-
THA
N. scans: 10+5
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7
Subproject: 
CATHOLICON
N. scans: 15
8
Subproject: 
ARCHES OF THE VIRGIN
N. scans: 9
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9
Subproject: 
ARCHES OF THE VIRGIN – 
1ST FLOOR
N. scans: 8
10
Subproject: 
FRANCISCANS’ COURTYARD
N. scans: 8
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11
Subproject: 
ARMENIAN SACRISTY
N. scans: 2
12
Subproject: 
CHAPEL OF THE APPEARANCE
N. scans: 3
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13
Subproject: 
CHAPEL OF THE CRUSADERS
N. scans: 9
14
Subproject: 
“CHURCH” UNDER THE
COPTIC PATRIARCHATE
N. scans: 12
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15
Subproject: 
CHAPEL OF THE FRANKS
N. scans: 3
16
Subproject: 
GREEK CONVENT
N. scans: 10
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17
Subproject: 
CHRISTIAN ROAD
N. scans: 9
18
Subproject: 
ST. HELENA’S QUARRY
N. scans: 12
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19
Subproject: 
ETHIOPIAN CHURCH 
INTERIORS
N. scans: 12
20
Subproject: 
JOSEPH OF ARIMATHEA
N. scans: 7
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21
Subproject: 
GOLGOTHA BACKSIDE
N. scans: 9
22
Subproject: 
ROTUNDA EXTERIOR
N. scans: 12
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23
Subproject: 
ROTUNDA ROOMS
N. scans: 8
24
Subproject: 
FRANCISCAN SACRISTY
N. scans: 12
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25
Subproject: 
GREEK SACRISTY
N. scans: 9
26
Subproject: 
EGYPTIAN ROOFS
N. scans: 9
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28
Subproject: 
FRANCISCAN ROOFS
N. scans: 6
27
Subproject: 
ETHIOPIAN ROOFS
N. scans: 7
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29
Subproject: 
GREEK ROOFS LOWER LEVEL
N. scans: 3
30
Subproject: 
GREEK ROOFS UPPER LEVEL / 1
N. scans: 10
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31
Subproject: 
GREEK ROOFS UPPER LEVEL / 2
N. scans: 8
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2.2.5. Graphical outputs of the 3D survey
2.2.5.1. Preparation of the
graphical output
Different graphical output can be ob-
tained from a point cloud model. 
The surfaces recorded by the three-dimen-
sional scans can describe (depending on 
the acquisition resolution) not just the 
size and lie of the architectural elements, 
but also their material consistency, mak-
ing masonry bond legible as well as mate-
rial decay and damage. In addition, they 
meet the need to produce a model able to 
highlight particular themes. 
The accumulation of great quantities of 
data first of all brings about problems 
linked to filing, cataloguing and in some 
cases sharing it. Issues that moreover ap-
pear with very different characteristics if 
we consider the raw data (this expression 
could be taken to mean the result of the 
scan recordings acquired during a meas-
urement campaign) rather than the nu-
merous types of graphical output that can 
be obtained from it. 
Once all the scans have been aligned with 
each other and the overall point cloud put 
into a single reference system, it is possi-
ble to transpose the architectural survey 
operations from the object itself to its 
model. The advantages are evident and 
mainly linked to the convenience and flex-
ibility created by ‘virtualizing’ the analy-
ses, which is done in front of a computer 
rather than on site. However, the limita-
tions are equally as important. First of 
all, the measurements made by the scan 
systems, however dense they may be, 
maintain their discrete nature: the point 
cloud is a convincing visualization and 
an extremely rich database of measure-
ments, but in any case it remains a discre-
tized representation of the object and not 
a complete and virtual reproduction of it. 
The density of the data acquired with the 
scans definitely enables more accuracy 
and flexibility than that of a handmade or 
a topographic survey in which plans and 
sections, represented by vectorial draw-
ings, must be defined prior to collect on-
site measurements. As a result, starting 
from a single geometric database it is gen-
erally possible to obtain different forms of 
representation. 
Another interesting consequence of the 
flexibility characterizing the data from 
scans consists of the potential application 
of the data in projects with prevalently 
communicative ends: the possibility of 
interactive exploration, associated with 
software tools that make the files ‘lighter’, 
making it possible to visualize them in real 
time, also by Internet, are aspects that are 
increasingly requested these days.
The following paragraphs illustrate the 
various two- and three-dimensional draw-
ings obtained from the data acquired 
through scanning (integrated with topo-
graphic and/or photogrammetric surveys) 
of the monumental complex of the Holy 
Sepulchre.
2.2.5.2. Section profile 
vectorization
This type of representation always refers 
to ‘section plane’ and ‘orthogonal view’ 
concepts: plans, perspectives and section 
profiles can be represented by vectorial-
izing thin portions of the point cloud, 
identified by horizontal and vertical sec-
tion planes.
The two-dimensional nature of the or-
thoimages produced in the way de-
scribed must not let us forget that they 
use the same reference system, which is 
nevertheless always three-dimensional: 
every section profile, that is, belongs to 
a plane, of which however the position 
FIGURES 31 AND 32  Golgotha. On the ‘point 
cloud’ it is possible to observe the different ma-
sonry textures and therefore also distinguish 
the various construction phases of the building, 
starting from the bed rock up to the most recent 
works.
FIGURE 33  South Transept. On the ‘point cloud’ 
it is possible to read the typical masonry texture 
that characterizes the works of Constantine 
Monomachos.
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and lie is known in the three-dimensional 
space defined by the adopted Cartesian 
reference system. Precisely with regard 
to this latter aspect, it is interesting to 
highlight analogies and differences with 
respect to the traditional direct survey 
techniques. Indeed, with direct surveys 
too, the reference planes need to be de-
fined first, with the horizontal lie for the 
planes and the vertical lie for the eleva-
tions, in correspondence to which all the 
measurements must be acquired. The 
indispensable plotting and ongoing veri-
fication operations (in particular when 
the investigated spaces are complex) 
must however obviously be made on the 
real object rather than on its digital ref-
erence. 
The selection and exportation of ‘slices’ 
of points was done directly with the soft-
ware used to manage the scanner during 
the acquisition and range map recording 
phase. With this procedure, the profiles 
needed for the modelling were extracted 
in accordance with the group dealing with 
the structural analysis. 
Thanks to the orthoimages taken from 
the survey output it was possible to give 
a rapid and flexible response to the needs 
of the structural study which has to have 
three-dimensional models that are simpli-
fied from the geometrical point of view 
but dimensionally correct.
2.2.5.3. Vectorization of 
orthogonal views of the point
cloud 
In order for observation and exploration 
of the cloud to evoke the represented 
space, the acquired points (which from 
a geometrical point of view are obviously 
adimensional) are rendered on the screen 
with a finite dimension. The possibility to 
regulate this parameter enables optimal 
FIGURE 34 (left) Apse. Showing the different sec-
tion planes used to give a full description of the 
architectural elements.
FIGURE 35 (right) Plan corresponding to the hor-
izontal section planes indicated above: the refer-
ence section plane is drawn in continuous line, 
the immediately upper level is in dashed one.
FIGURE 36 (left) Entrance. Showing the different 
section planes used to give a full description of 
the architectural elements.
FIGURE 37 (right) Plan corresponding to the indi-
cated horizontal section planes.
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visualization of the point cloud by hiding 
the elements in the background. Further-
more, the false colours always associated 
with the points (correlated with the inten-
sity of the reflected signal) express differ-
ent characteristics of the analysed sur-
faces. Therefore, it is possible to establish 
not just a geometrical but also chromatic 
correspondence between object and mod-
el and capture views of the cloud corre-
sponding to the photographic images.
The vectorization of plans and eleva-
tions was carried out by setting an ortho-
graphic view of a suitable plane, defined 
in a similar way to that described above. 
The visualization obtained, which may be 
exported as a raster image, gave a valid 
metric reference in order to plot the ele-
ments in view.
2.25.4. Digital orthophotos
In order to produce orthophotos, we 
need to have a suitable number of con-
trol points, measured topographically 
and expressed in the same reference 
system as the model. Therefore, the ori-
entation of the photograms is calculated, 
through photogrammetric technique, 
from the coordinates of those points. 
Nowadays some laser scanners also en-
able digital images to be acquired from 
a camera rigidly connected to the scan 
head: in this case with respect to the 
range maps the orientation of the pho-
tograms is constant and defined by cali-
brating the scanner-camera set. It is nev-
ertheless opportune to remember that 
distance scanning tools allow for work 
flexibility with regard to the environmen-
tal lighting conditions; on the other hand, 
the images that need to be used to make 
orthophotos have to have a good pho-
tographic quality. The extension framed 
by the scanner is also generally greater 
than that of a camera, therefore several 
photographs must be taken for every 
range map; however, the camera settings, 
the exposure in particular, are regulated 
once only, upon the first shot, at times 
to the detriment of the uniformity of the 
subsequent images. In many cases, these 
instruments can therefore provide a rapid 
and exhaustive documentation of the ob-
ject but, when better and more uniform 
photographic quality is required, the best 
operating manner is the indirect orienta-
tion of photograms taken independently 
from the scans.
The 3D scanner used during the first sur-
vey campaign also enables the acquisition 
of colour information (RGB values associ-
ated with every measured point). The dif-
ficult lighting conditions of the spaces did 
not enable use of this function inside the 
FIGURE 38 It is possible to observe the light sig-
nal given off by the scanner to make a 3D meas-
urement of the space.
FIGURES 39-40 3D texturized point cloud ortho-
photos of the facade and the adjacent square.
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monumental complex, but it was used in 
the square in front of the entrance. 
The wealth of data contained in the pho-
tograms can only be transformed into in-
formation that is useful for subsequent 
studies through the critical interpreta-
tion of specialists. In some cases, it may 
be the case to obtain a complete, albeit 
less precise, photographic representa-
tion of a rigorous scale model. To this end 
the digital photographic documentation, 
also acquired rapidly, can be retrieved 
with simplified calibration procedures; 
it is obviously fundamental to highlight 
that the metric validity of the drawings 
produced is definitely inferior to that re-
quested for traditional representations 
at an equivalent scale.
During the survey campaigns, complete 
photographic documentation was ac-
quired, which to date has not been pro-
cessed since this is not necessary for the 
purpose of the project. However, this 
could enable the previously described 
graphical output to be created. 
2.2.5.5. Videos
Understanding complex spaces represent-
ed by a points model is made particularly 
difficult by the inevitable transparencies 
generated by the discontinuity of the 
data. Unlike surface models, point clouds 
appear continuous if observed from a suf-
ficiently distant viewpoint, but they be-
come discontinuous as the observer gets 
closer. The software’s visualization tools 
and the possibility to explore the model 
in a dynamic manner partially make up 
for the difficulty in interpreting this type 
of three-dimensional data. Transposition 
into a two-dimensional space and in par-
ticular printing on paper further penalize 
its communicative potential.
Optimal visualization of the points model 
is possible in special software environ-
ments where the user can explore it inter-
actively; in this case, however, PCs with 
superior characteristics and specific fea-
tures are needed.
By making films that follow set routes, it 
is possible to explore the model and en-
hance the three-dimensional characteris-
tics, at the same time enabling circulation 
amongst a wider set of users.
2.2.5.6. Surface models
Representing the subject of the survey 
using surface models leads to interest-
ing results: indeed, if the acquisition 
resolution and geometry of the record-
ings is suitably planned, the accuracy 
of measurement that can be achieved 
with distance scanners enables not just 
the overall geometric consistency of the 
building to be documented, but also to 
distinguish the materials making it up 
and in some cases their state of pres-
ervation. Whether it is a good idea to 
make models with this level of definition 
must be given careful assessment, since 
they can be particularly costly consider-
ing the quantity of data that needs not 
only to be acquired, but also processed 
and filed. 
In addition to the graphic renderings ana-
lysed thus far, whose main objective is to 
make the metric contents of the informa-
tion immediately interpretable, also on 
a paper medium, there are others which 
more evidently maintain the three dimen-
sions of the original data, such as triangu-
lar mesh-based or shaded surface models, 
or those associated with the projection of 
3D orthophotos.
To make the 3D model of the current con-
ditions of the monumental complex, we 
decided to start working on the most im-
portant symbolic element (the Aedicula of 
the Holy Sepulchre, as depicted in Fig. 41), 
to then extend the study to the Anastasis 
and finally to the rest of the building. 
FIGURE 41  3D model of the Aedicula of the Holy 
Sepulchre.
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2007-2010 Grazia Tucci and Valentina Bonora
FIGURE 42  2D plan of the ground floor of the 
Complex of the Holy Sepulchre, including the 
Chapels of St. Helena, the Invention of the Cross 
and St. Vartan, extracted from the 3D point 
cloud (Tucci-Bonora surveys 2007-2009) .
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FIGURE 43 Superimposition of the 3D point 
cloud of the roof of the Complex of the Holy Sep-
ulchre with the plan of the ground floor (Tucci-
Bonora surveys 2007-2009) .
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FIGURE 44 Superimposition of the longitudinal 
section of the Complex of the Holy Sepulchre, ex-
tracted from the 3D point cloud, with the ortho-
image of the elevations (Tucci-Bonora surveys 
2007-2009) .
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2007-2010 Grazia Tucci and Valentina Bonora
FIGURE 46 Superimposition of the longitudinal 
section of St. Helena Chapel, extracted from the 
3D point cloud, with the orthoimage of the eleva-
tions (Tucci-Bonora surveys 2007-2009) .
FIGURE 47 Superimposition of the plan of the 
1st floor of the Golgotha, extracted from the 3D 
point cloud, with the orthoimage of the floor 
(Tucci-Bonora surveys 2007-2009) .
In the previous page:
FIGURE 45 Superimposition of the plan of the 
Rotunda, extracted from the 3D point cloud, 
with the 3D mesh of the floor (Lidia Fiorini from 
Tucci-Bonora surveys 2007-2009) .
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FIGURE 1 3D mesh of the entrance of the Holy 
Sepulchre. On the left, the Stone of Anointing; 
on the right, the “breakneck” (as Corbo useed to 
say) stairs to the Golgotha (L. Fiorini, from point 
cloud surveyed by Tucci-Bonora).
